In a very recent experimental work [Gao et al., 2018 Adv. Mater. 30, 1707055], a graphene-like CuSe monolayer (ML) was realized. Motivated by this success, we performed first-principles calculations to investigate its electronic transport and photoelectronic properties. We find that the CuSe ML shows a strong electrical anisotropy, and its current-voltage (I-V) curves along the zigzag and armchair directions are noticeably different.
Introduction
Two-dimensional (2D) materials have attracted an extensive research interest since the successful isolation of graphene by mechanical exfoliation from graphite in 2004 [1] . Many 2D layered materials have been predicted theoretically, and a few of them have been realized experimentally, including silicene [2] [3] [4] , hexagonal boron nitride (h-BN) [5, 6] , transition metal dichalcogenides (TMDs) [7, 8] , phosphorene [9, 10] , MXene [11, 12] , borophene [13] [14] [15] [16] , and their derivatives [17] [18] [19] . 2D MLs typically show distinguished mechanical, electronic, optical, and thermal conduction properties, and are hence promising for the design of novel nanodevices. A variety of monolayer-based prototype devices has been proposed [20] [21] [22] [23] [24] and fabricated [9, 25, 26] , and they demonstrated a great potential for technological innovations, particularly for the next-generation electronic and photoelectronic applications.
In a very recent experiment [27] , a graphene-like transition metal monochalcogenide CuSe ML was successfully synthesized on Cu(111) substrate by means of molecular beam epitaxy (MBE). High resolution scanning tunneling microscopy (STM), angle resolved photoemission spectra (ARPES), and first-principles calculations have been applied for the characterization and determination of its honeycomb structure and electronic properties. It is interesting that the honeycomb CuSe ML possesses two 2D Dirac nodal line fermions (DNLFs), protected by the mirror reflection symmetry (MRS). To exploit CuSe ML in nanodevices, it is imperative to investigate this new 2D material more comprehensively. For example, its electronic transport and photoelectronic properties have not been examined, neither theoretically or experimentally.
In the present work, we carry out a systematic research on the electronic, transport and optical properties of the 2D CuSe ML (see figure 1(a) ) by means of first-principles calculations. Our results show that 2D CuSe has a remarkable electrical anisotropy, namely, its I-V curves along the zigzag and armchair directions are noticeably different. In particular, 3 the CuSe ML shows strong negative differential resistances along both directions.
Furthermore, it displays a strong photo response to orange light. Our findings suggest that the CuSe-based ML as a new multifunctional material can be used for a variety of purposes. 
Method
The calculations of electronic transport and photoelectronic properties of 2D CuSe ML are performed using the density functional theory and nonequilibrium Green's function approach as implemented in the ATK-DFT software [28] [29] [30] . The Perdew-Burke-Ernzerhof (PBE) scheme of the generalized gradient approximation (GGA) [31, 32] is adopted to describe the exchange-correlation effect among electrons. The core electrons of all atoms are described by the optimized norm conserving Vanderbilt (ONCV) pseudopotentials [33] , and wave-functions of valence states are expanded as linear combinations of atomic orbitals (LCAO) with the SG15 basis set, which are fully relativistic and can provide comparable results to the all-electron method. The cutoff for the mesh density of basis expansion is set as 200 Ry. The atomic structures are fully optimized until the residual force on each atom is smaller than 0.01 eV/Å and the total energy tolerance is below 10 −6 eV, respectively.
Higher-level HSE06 method is used to confirm its band properties [34, 35] . For the transport calculations, we use a 1×9×100 Monkhorst-Pack k points grid to sample the Brillouin zone of the electrodes. The spin-orbital coupling correction is also taken into account as a comparison.
Results and discussion
Figure 1(a) shows the optimized atomic configuration of the 2D CuSe ML. The honeycomb lattice parameter a is 3.98 Å, and the corresponding Cu-Se bond length is 2.30 Å.
The band structure for a primitive unit cell is plotted in figure 1 (b), which shows a metallic character, in good agreement with the previous report [27] . The result of higher-level HSE06 method gives the consistent band structure and confirms its metallic character (see figure   1 (b)). In general, 2D honeycomb structures have different mechanical, electronic, and transport properties along the zigzag and armchair directions. For instance, graphene shows a metallic character along the zigzag direction but has a semiconducting feature along the armchair one [36] . To better show the anisotropic characteristics of the CuSe ML, we plot its bands along the X-Γ-Y path for a rectangular unit cell, i.e., the zigzag direction (Γ-X) and armchair one (Γ-Y) in figure 1(c). Although CuSe ML appears to be metallic in both directions, the difference is also obvious as more bands cross the Fermi level (E F ) along the zigzag direction than along the armchair one. To get a more quantitative description of this difference, we construct a two-probe structure of 2D CuSe ML (see figure 2(a)) and directly calculate its electric conductivities along the zigzag (X axis) and armchair (Y axis) directions, labeled as z-CuSe and a-CuSe, respectively. The two-probe structure has a periodicity perpendicular to transport direction (i.e., from the drain (D) to the source (S) electrode), and its third orthogonal direction is a slab with a 15 Å thick vacuum along the normal direction of CuSe ML plane. Both the drain and source electrodes are represented by a large supercell that is semi-infinite in length along the transport direction. Under a bias V b , the current I is obtained by using the Landauer-Büttiker
Here, T(E,V b ) is the bias-dependent transmission coefficient, determined from the Green's functions; f D/S are the Fermi-Dirac distribution functions of the drain/source electrodes; their electrochemical potentials are shifted as D noticeably different. The CuSe ML has better conductivity along the zigzag direction than along the armchair one. Its ratio of current anisotropy η=I z /I a (I z and I a refer to the currents of z-CuSe and a-CuSe, respectively) is about 2, larger than that of most 2D materials [40, 41] .
Furthermore, it shows a prominent negative differential resistance effect for both the z-CuSe and a-CuSe when the bias around 1.0 V. Note that NDR is an important feature of electronic materials and it is useful for many applications such as memory cells [42] , threshold logic [43] , electronic oscillators [44] , amplifiers [45] , and particularly at microwave frequencies [46] . In additions, this effect is often characterized by two important factors that are obviously dependent on the materials and can change significantly in experiments. The first factor is the NDR threshold voltage (NDR-TV) where the current reaches its maximum. The second one is the alleged peak-to-valley ratio (PVR) between the maximal (peak) and minimal (valley) currents. Generally, it is desired to have materials with low NDR-TV for minimizing the power consumption along with large PVR for maximizing the performance [47] . To this end, both z-CuSe and a-CuSe have the same NDR-TV as small as 1.0 V, better than most materials reported so far [48] , and a large PVR because the current decrease quite rapidly under a high bias. Therefore, we may propose that a 2D CuSe ML is an excellent NDR material, much better than ZrB 2 ML [41] and thiol-terminated Ru(ǁ) bis-terpyridine molecular junction proposed before [49] . What's more, the conductance (G) of CuSe ML along the zigzag or armchair direction is gradually decreased as the bias increases and will converge to almost zero under a specific high bias (see the I-G curves shown in figure 2(b) ). Note that the SOC does not obviously influence the electronic transport of CuSe ML due to its tiny band splits. Different from the conventional photoelectronic devices, the monolayer materials may have exceptional transport and optical properties. For instance, the large-area single and few-layers of graphene ultrafast photodetectors had been prepared in experiments [52] . Now we investigate if CuSe ML has a potential for applications in photoelectronics. Figure 6(b) shows the optical absorption coefficient, α, as a function of photon energy of the zigzag and 12 armchair CuSe ML. As expected, the photon absorption spectra of CuSe ML along these two directions are identical. There are two absorption peaks (near the energy E = 2.0 and 0.9 eV) within the AM-1.5 photon energy range, including one in the visible light region (orange light). They result from the electron transitions from the band I to IV and from the III to II or degenerated I around the Γ point (see figure 1(c) ), respectively. The absorption coefficients at these two peaks, 1.2-1.4×10 5 cm -1 are rather large. Therefore, the CuSe ML can be a promising candidate for the use of photodetectors, such as to examine the orange and infrared light. 
Conclusions
In summary, we systematically study the electronic transport and photoelectronic properties of 2D CuSe ML along the zigzag and armchair directions by means of the 13 first-principles calculations. Our results show that CuSe ML shows a strong electrical anisotropy along these two perpendicular directions, based on its diverging I-V curves. Both z-CuSe and a-CuSe show a significant NDR effect with low threshold voltage and large PVR.
Furthermore, CuSe ML has a large photon absorption coefficient to the orange light. Our findings suggest that the multifunctional CuSe ML has a variety of applications in electrical-anisotropy-based, NDR-based, and photoelectronic nanodevices.
